Human T cell leukemia virus type 1 (HTLV-1), an etiological factor that causes adult T cell leukemia and lymphoma (ATL), infects over 20 million people worldwide. About 1 million of HTLV-1-infected patients develop ATL, a highly aggressive non-Hodgkin's lymphoma without an effective therapy. The pX region of the HTLV-1 viral genome encodes an oncogenic protein, Tax, which plays a central role in transforming CD4+ T lymphocytes by deregulating oncogenic signaling pathways and promoting cell cycle progression. Expression of Tax following viral entry is critical for promoting survival and proliferation of human T cells and is required for initiation of oncogenesis. Tax exhibits diverse functions in host cells, and this oncoprotein primarily targets IκB kinase complex in the cytoplasm, resulting in persistent activation of NF-κB and upregulation of its responsive gene expressions that are crucial for T cell survival and cell cycle progression. We here review recent advances for the pathological roles of Tax in modulating IκB kinase activity. We also discuss our recent observation that Tax connects the IκB kinase complex to autophagy pathways. Understanding Tax-mediated pathogenesis will provide insights into development of new therapeutics in controlling HTLV-1-associated diseases.
TAX INDUCES PERSISTENT ACTIVATION OF NF-κB
HTLV-1 viral genome encodes three main structural gene products including Gag, reverse transcriptase (Pol/RT) and envelope protein (Env), and it also expresses several viral regulatory proteins such as Tax, Rex and p30, p12 and p13 (Seiki et al., 1983; Hattori et al., 1984; Hidaka et al., 1988; Koralnik et al., 1993) . These viral gene transcripts are directed from a promoter at the 5'-end of long terminal repeat (LTR). In addition, the viral 3'-LTR transcribes an antisense gene product called HTLV-I basic leucine zipper factor (HBZ) (Gaudray et al., 2002) . Early studies showed that the molecular clone of HTLV-1 with disrupted tax gene failed to transform primary T cells (Ratner et al., 2000) , implicating a critical role of Tax in mediating T cell oncogenesis. Further analysis suggests that the oncogenic action of Tax involves activation of NF-κB (Yamaoka et al., 1996) , a transcriptional factor that plays key roles in the pathogenesis of a variety of human diseases including chronic inflammation and cancer (Karin and Greten, 2005 ). An HTLV-1 infectious clone expressing a mutant Tax protein defective in NF-κB activation had no capacity to transform T cells. Consistently, one of the characteristic features of ATL is the constitutive activity of NF-κB, which is thought to be a prerequisite for induction of ATL (Mori et al., 1999) .
TAX AND HBZ WORK COOPERATIVELY IN BALANCING NF-κB ACTIVITY DURING THE PROCESS OF T CELL TRANSFORMATION
Among all viral proteins expressed from HTLV-1, Tax and HBZ have been shown to deregulate NF-κB signaling with opposing activities. Tax activates both canonical and non-canonical NF-κB pathways, whereas HBZ inhibits the activity of the NF-κB subunit, RelA/p65 (Harhaj and Harhaj, 2005; Zhao et al., 2009 ). Emerging evidence demonstrates that both Tax and HBZ play important roles in T cell trans-© Higher Education Press and Springer-Verlag Berlin Heidelberg 2012 formation with distinct roles at different stages of oncogenesis. As a viral transactivator, Tax promotes synthesis of viral transcripts through 5'-LTR, which is necessary for productive viral replication (Jeang et al., 1988; Varmus, 1988; Yip and Chen, 1990) . Tax is able to promote T cell survival and proliferation and to override cell senescence, leading to immortalization and ultimately, transformation of human primary CD4 T cells (Grassmann et al., 1992; Franchini, 1995; Yoshida, 2001 ). Moreover, Tax transgenic mice develop leukemia (Nerenberg et al., 1987; Grossman et al., 1995) . These experimental findings strongly suggest that Tax is a singly important protein from HTLV-1 to initiate oncogenesis.
Intriguingly, more than 50% of ATL cases were found to lose expression of a functional Tax protein, suggesting that Tax is no longer required at the late stage of oncogenesis. Loss of Tax expression in ATL cells is caused by several distinct mechanisms. Genetic changes in the tax gene cause disrupted Tax expression, while DNA hyper-methylation or deletion of the 5'-LTR leads to the repression of Tax transcription along with other viral transcripts (Furukawa et al., 2001; Koiwa et al., 2002; Takeda et al., 2004) . Moreover, because the Tax protein is highly immunogenic, loss of Tax may be advantageous for HTLV-1-transformed T cells to escape host immunity (Jacobson et al., 1990; Kannagi et al., 1991 Kannagi et al., , 1993 Satou et al., 2006) . Furthermore, Tax is capable of inducing genomic instability that generates multiple somatic alterations, causing persistent oncogenic activation (Haoudi et al., 2003; Marriott and Semmes, 2005) , which may contribute to the persistent activation of NF-κB in ATL cells that are deficient of Tax expression. In contrast, HBZ RNA and protein are constitutively expressed throughout all processes of HTLV-1 oncogenesis in T cells (Usui et al., 2008; Matsuoka and Green, 2009 ), probably because the 3'-LTR that directs HBZ expression is less susceptible to methylation or genetic disruption. The HBZ RNA promotes T cell proliferation while its protein form represses Tax-mediated transactivation of the 5'-LTR, and both HBZ RNA and protein are implicated to play important roles for maintaining malignant phenotypes of HTLV-1-transformed T cells even in the absence of Tax expression (Satou et al., 2006; Arnold et al., 2008) .
Without all other viral components, Tax fails to immortalize human primary fibroblasts, and induces senescence and apoptotic death of solid tumor cells, and the Tax mutant that is defective in activating NF-κB has no ability to induce cell death (Los et al., 1998; Kamochi et al., 2002) . Indeed, over-expression of Tax results in a hyperactivity of NF-κB, which in turn induces expression of some cytotoxic gene products such as TRAIL (Rivera-Walsh et al., 2001) . Consistent with this phenomenon, Tax, when expressed alone, rarely immortalizes human primary T cells (Bellon et al., 2010) . Hence, it is conceivable that balancing the activities of Tax and HBZ, particularly in the regulation of NF-κB activity, is crucial in HTLV-1 induced oncogenesis. It can be reasonably assumed that co-expression of Tax and HBZ could facilitate the process of T cell immortalization or even transformation. This notion, however, is yet to be validated. Conclusively, HTLV-1-associated T cell transformation is mediated through Tax-dependent, persistent activation of NF-κB particularly at the early stage of oncogenesis.
TAX TARGETS IκB KINASE COMPLEX TO ACTIVATE NF-κB SIGNALING
The transcriptional factor NF-κB is essential for T lymphocyte activation and therefore, has a prominent role in host immunity. Deregulated NF-κB signaling is seen in the pathological conditions such as autoimmune disease, chronic inflammation and oncogenesis (Bacher and Schmitz, 2004; Karin and Greten, 2005; Prasad et al., 2010; Ben-Neriah and Karin, 2011) . In resting T cells, NF-κB is sequestered in the cytoplasm in complex with its inhibitor, IκB. Engagement of T cell receptor (TCR) on T cells leads to sequential activation of upstream signaling molecules, transmitting activation signal to the IκB kinase (IKK) complex. This multimeric protein complex comprises two catalytic subunits, IKKα and IKKβ, and one regulatory subunit, IKKγ, together with the Hsp90 chaperone complex (Ghosh et al., 1998; Harhaj and Sun, 1998; Rothwarf et al., 1998; Li et al., 1999; Pomerantz et al., 2002; Wang et al., 2002) . Activated IKKα and IKKβ phosphorylate IκB on its N-terminal serine residues, resulting in its ubiquitination and subsequent proteasomal degradation. Consequently, the freed NF-κB heterodimer migrates into the nucleus to activate target gene expressions. Activation of NF-κB at physiological conditions such as T cell activation is a transient process, whereas persistent activation of NF-κB is seen in HTLV-1-associated ATL.
Tax is distributed in the cytoplasm and the nucleus, shuttling between these two subcellular compartments in HTLV-1-transformed T cells. Evidence showed that activation of IκB kinases occurs in the cytoplasm, and a portion of the Tax protein is constitutively associated with the Golgi apparatus where Tax directs relocation of the IKK complex to this structure for activation (Harhaj et al., 2007; Huang et al., 2009) . In which Golgi sub-structure that the Tax protein resides is presently not clear. Given the evidence that Tax facilitates assembly of viral particles in microtubule-organizing center (MTOC) where Tax interacts with the myristoylated capsid protein Gag, it is tempting to reason that Tax is associated with the outer membrane of the Golgi apparatus. In non-lymphoid cells, the subcellular localization of the Tax protein is diverse depending on specific cell types. In human embryonic kidney cells (HEK293), Tax is accumulated in the perinuclear "hot spot" in the cytoplasm reminiscent of the Golgi, as evidenced with co-location of Tax with caveolin-1, a Golgi marker protein (Fig. 1A) . Tax is predominantly distributed in the nucleus with a perinuclear Golgi distribution pattern in HT1080 fibrosarcoma cells (Fig. 1C, left image) , and The expression pattern of RFP-LC3B, an autophagy marker, in transiently transfected HT1080 cells, showing a nuclear accumulation and relatively even cytoplasmic distribution. (C) HT1080 cells are transiently co-transfected with Tax-GFP and RFP-LC3B. Tax-GFP is concentrated in the nucleus with a perinuclear cluster distribution, which is reminiscent of the Golgi apparatus (arrow, left image). RFP-GFP puncta are evolved from the Tax-GFP cytoplasmic clusters, representing autophagosomes and autolysosomes.
this pattern is similar to that seen in HTLV-1-transformed T lymphocytes.
Several studies suggested that Tax induces activation of NF-κB via several distinct mechanisms. Firstly, Tax is found to directly target the IKK complex, the key regulator of NF-κB signaling, in inducing the catalytic activity of IκB kinase subunits, IKKα and IKKβ. The mechanistic nature of Tax modulation of the IKK activity is the physical interaction of Tax with the non-catalytic subunit, IKKγ or NEMO Harhaj and Sun, 1999; Jin et al., 1999; Carter et al., 2001) , because Tax fails to activate IκB kinases in NEMO/IKKγ-deficient cells . Tax was also reported to interact with IKKβ (Sun and Ballard, 1999; Xiao and Sun, 2000) , and Tax-mediated activation of NF-κB can be blocked with the dominant-negative mutant of IKKβ or small interference RNA specific for IKKβ (Carter et al., 2001; Cheng et al., 2002; Huang et al., 2009 ). These experimental findings indicate that IKKγ is one of the key targets for Tax-mediated activation of IKK and that IKKβ is the primary catalytic subunit stimulated by Tax in canonical NF-κB signaling. Secondly, Tax is able to activate NF-κB by modulating non-canonical pathway of NF-κB signaling. This notion is supported by the observation that Tax stimulates the activity of IKKα via interaction with IKKγ, resulting in the enhanced processing of NF-kB2/p100 in T cells Thirdly, Tax was shown to modulate the activities of mitogen-activated protein kinase/extracellular signal-regulated kinase kinase 1 (MEKK1) (Yin et al., 1998; Wu and Sun, 2007) , an upstream kinase of IKK, and transforming growth factor beta (TGFβ) activated kinase 1 (Tak1) by promoting the interaction of Tak1 and IKKγ (Wu and Sun, 2007) .
In addition, several studies showed that Tax deregulates negative regulators of NF-κB signaling. Tax induces proteasomal degradation of both IκBα and IκBβ, the native inhibitors of NF-κB (McKinsey et al., 1996) . We found that Tax interacts with CYLD, a deubiquitinase that negatively regulates NF-κB activity, by inactivating it (Wu et al., 2011) . We previously showed that Tax targets the molecular chaperone protein Tid1 (Cheng et al., 2002) . Since Tid1 maintains stability of the NF-κB-IκB complex by directly interacting with the IKK complex (Cheng et al., 2005) , it is plausible that Tax deregulates Tid1 as one of the processes leading to NF-κB activation. Together, these evidences implicate that Tax-mediated activation of NF-κB is a complex process, and the precise mechanisms of Tax-mediated persistent activation of NF-κB is under active investigation.
TAX RECRUITS IκB KINASES TO THE LIPID RAFT MICRODOMAINS FOR THEIR ACTIVATION

Upon interaction of antigen-presenting cells with T cells through MHC-I/peptide complex and T cell receptor (TCR)
, tyrosine phosphorylation cascades of signaling molecules initiate. TCR proximal molecules such as ZAP70, PI3K and PKCθ are recruited into the plasma membrane lipid raft microdomains for their activation. Subsequently, the Carma1-Bcl10-MALT1 complex, together with the IKK complex, is also recruited into plasma membrane lipid rafts for activation (Garofalo et al., 2002; Lee et al., 2005; Van Komen et al., 2007) . Consequently, the activated IKK phosphorylates IκB, leading to its proteasomal degradation and incidentally, NF-κB activation. The activity of NF-κB is essential for T cell activation and proliferation, and the lipid raft recruitment of the IKK complex is crucial for acquiring its catalytic activity. Lipid raft microdomains are cholesterol-and sphingolipid-rich membrane regions (Simons and Ikonen, 1997; Brown and London, 1998; Simons and Toomre, 2000) . Lipid rafts are synthesized from the Golgi and are recycled from the Golgi to the plasma membrane (Hansen et al., 2000; Heino et al., 2000) . The microdomains are crucial membrane structures to serve as "signal transduction platforms" for mediating activation of cellular kinases in TCR signaling.
We determined whether Tax activation of NF-κB involves the lipid raft recruitment of IKK. Our data showed that IκB kinases are constitutively present in HTLV-1-transformed T cells that express Tax . In Tax-expressing T cells, intense phosphorylation of IκBα and IKKα was observed, correlating with a hyperactivity of NF-κB. Using density gradient ultracentrifugation, together with biochemical, molecular biology and imaging techniques, we found that the IKK complex and the Tax protein are constantly resided in the lipid rafts. Treatment of HTLV-1-transformed T cells with cholesterol chelate such as methyl-β-cyclodextrin (MβCD) resulted in suppression of the NF-κB activity. This indicates that the lipid raft-associated IKKs are catalytically active. We further demonstrated that Tax is a viral lipid raft modulator that can recruit the IKK complex to the Golgi-lipid rafts through physical interaction with IKKγ ). Other lipid raft-attached viral proteins can also modulate NF-κB activity. For example, the latent infection membrane protein 1 of the Epstein-Barr virus resides in the plasma membrane-associated lipid rafts and mediates engagement with tumor necrosis factor receptor-associated TRAF to activate NF-κB via the NF-κB inducing kinase (NIK)/IKKα-dependent pathway (Luftig et al., 2004) . The Nef protein from human immunodeficiency virus type 1 is a myristoylated protein that associates with the plasma membrane lipid raft and potentiates NF-κB activity (Herbein et al., 2008) . Unlike these viral proteins, Tax appears to be attached to the intracellular lipid rafts in the Golgi (Fig. 1A) , by bypassing upstream signaling molecules of TCR. This action is highly efficient, directly targeting the IKK complex. The mechanism for how the lipid raft-recruited kinases gain a catalytic activity is presently not clear. A method was developed with attaching an N-terminal myristoylation signal to a given kinase such as PI3K or Akt. The lipid raft targeting of PI3K or Akt results in its spontaneous and persistent activation in the absence of extracellular stimuli (Arcaro et al., 2007) . Similarly, an activated kinase library was generated with attachment of a myristoylation signal to a panel of cellular kinases, and IKKε was identified to be one of the cellular oncoproteins for malignant transformation of breast epithelial cells (Boehm et al., 2007) . By extension, the persistent presence of IKK in lipid rafts indicates that the IKKs are constitutively activated in HTLV-1-transformed T cells. Interestingly, Tax does not contain a consensus lipid raft signal peptide and therefore, Tax may interact with a cellular lipid raft-associated protein for targeting to this subcellular structure. This hypothesis remains to be investigated. Our recent data showed that the C-terminal domain is critical for the lipid raft targeting of Tax and for Tax activation of NF-κB (Ren et al., unpublished data).
TAX CONNECTS IκB KINASE COMPLEX TO AUTOPHAGY PATHWAYS
It is known that TCR engagement results in activation of IKK and PI3KC1, and induces autophagy that is important for T cell proliferation (Gerland et al., 2004; Li et al., 2006) . Likewise, Tax activates both IKK and PI3KC1 Saito et al., 2010) . Although these two kinases have been reported to exhibit opposing activities in regulating autophagy (Wu et al., 2009; Criollo et al., 2010) , the overall balance is in favor of autophagy in HTLV-1-infected T cells, which exhibit constitutively high level of autophagy (Ren et al., unpublished data) . These experimental results strongly suggest that au-autophagy is beneficial for oncogenesis.
In response to metabolic stress, autophagosomes form and sequester aggregated cellular proteins and organelles, which subsequently fuse with lysosomes for degradation (Wang and Klionsky, 2003; Cuervo, 2004; Klionsky, 2005; Mizushima and Komatsu, 2011) . This process generates energy for the need of metabolically stressed cells. Autophagy is evolutionally conserved among living organisms, and its primary function is pro-survival. Evidence about the crucial role of deregulated autophagy in tumor initiation and progression is beginning to evolve. Tumor initiation is characterized by the acquisition of defects in apoptosis, allowing malignant cells to overcome oncogene activation-induced senescence or apoptosis. Tumor growth typically exceeds the rate of angiogenesis during the early stages of malignancy, causing the center of the tumor to experience constant hypoxic and metabolic stresses. These stresses trigger autophagy-mediated survival machinery in cancer cells (Mathew et al., 2007; Amaravadi, 2011) . During the progression of cancer, the activation of PI3KC1/Akt and the loss of the autophagy mediators cause defective autophagy. Defects in both autophagy and apoptosis result in necrotic cell death in metabolically stressed tumor regions, leading to an inflammatory response, DNA damage and consequent tumor progression. Induction of autophagy may contribute to the resistance of cancer cells to chemotherapy. Indeed, cancer chemotherapy combined with an inhibitor of autophagy can improve therapeutic efficacy, proving the pro-survival role of autophagy for cancer cells. Intriguingly, loss of the beclin1 or bif1 gene, which encodes an autophagy mediator, showed hyper-proliferative and increased incidence of lymphoma and other malignancies in mice (Yue et al., 2003; Takahashi et al., 2007) . This may be attributable to the function of autophagy in limiting genome damage. Defects in autophagy within the tumor cause genome instability and the accumulation of mutant oncoproteins, facilitating tumor growth (Qu et al., 2003) .
Not surprisingly, the autophagic process is necessary for productive viral replication or host cell oncogenic transformation by some oncogenic viruses (Cavignac and Esclatine, 2010; Wen et al., 2010; Dreux and Chisari, 2011) . Unlike solid tumors that are constantly under stresses such as hypoxia and nutrient deficiency, which are known to induce autophagy, HTLV-1-induced adult T cell leukemia is a malignancy of peripheral blood. A high level of autophagy occurs spontaneously in HTLV-1-transformed T cells, as seen from our recent data, implying that the virus can take a determining strategy for its own benefit by promoting survival of the infected T cells. The viral oncoprotein Tax plays a pivotal role in HTLV-1-mediated transformation of T cells by deregulating various oncogenic signaling, including IKK/NF-κB, Jak/Stat and PI3KC1/Akt (Hiscott et al., 1995; Grassmann et al., 2005; Saito et al., 2010) . It is conceivable that analyzing the mode of IKK activation may bring critical insights into the mechanism of autophagy induction. The finding that Tax actively recruits IKKs in lipid rafts brings about a new concept in delineating a unique mechanism by which Tax induces persistent activity of IκB kinases and deregulates autophagy.
Increasing evidence shows that IκB kinases are capable of regulating cellular signaling other than NF-κB cascade (Gantke et al., 2011; Li et al., 2011; Ng et al., 2011; Otani et al., 2011; Luron et al., 2012) . It is therefore tempting to investigate whether the lipid raft-associated IKKs are able to execute biological functions in addition to activating NF-κB. By examining HTLV-1-transformed T cells that express Tax, we found that a high level of autophagy is constitutively present while non-Tax expressing ATL cells exhibit an extremely low level of autophagy (Ren et al., unpublished data) . Our data show that Tax is able to interact with the autophagy molecule complex containing Beclin1, PI3KC3 and Bif1, and to sequester these autophagy molecules into lipid rafts in IKKβ-dependent manner. Genetic disruption of Beclin1 in HTLV-1-transformed T cells leads to an impaired autophagy along with reduced cell viability. These experimental findings suggest that Tax links the IKK complex to autophagy pathways, thereby promoting survival and proliferation of HTLV-1-transformed T cells (Fig. 2) .
FUTURE PERSPECTIVES
Although genetic and environmental factors may play important roles, the viral components, particularly the viral oncogenic protein Tax, are determining factors in the pathogenesis of HTLV-1-associated leukemia. Tax is central in mediating T cell oncogenesis at the early stage of malignancy. Tax connects IκB kinase complex to autophagy pathways and executes its functions in activating IκB kinases and in deregulating autophagy in lipid rafts for T cell survival and proliferation. These experimental findings provide insights into not only the molecular basis of T cell transformation associated with HTLV-1, but also the development of effective therapies. Directly targeting of Tax, IκB kinase activity, inhibiting autophagy pathways and modulating intracellular cholesterol contents are becoming clear and available options for controlling this aggressive form of leukemia and lymphoma. More studies are needed in order to develop effective and safe therapeutic methods.
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